We demonstrate experimentally the compression of femtosecond-scale pulses by two-photon gain in a compact electrically driven AlGaAs waveguide. Dynamic control of the pulse width from 240 to 140 fs is achieved by varying the current injection levels-in good agreement with the calculations. The pulse width is measured by a highsensitivity intensity autocorrelator based on two-photon absorption in a GaAs photomultiplier tube. © 2010 Optical Society of America OCIS codes: 320.5520, 190.4180, 320.7130, 250.5980. Generation of ultrashort optical pulses is becoming increasingly important for various fields of science, including high-harmonic generation [1], high-speed optical networks [2] , coherent control [3] [4] [5] , and metrology [6, 7] . Considerable progress has been made in mode-locked solid-state lasers reaching femtosecond pulse durations and extremely high peak powers [8] ; however, these systems remain relatively bulky and expensive. Other techniques have been developed using temporal lensing in fibers [9] and have been demonstrated recently in integrated photonic circuits [10] , limited, however, by the relatively weak high-order nonlinearity involved in these schemes. Mode-locked semiconductor lasers allow miniaturization and electrical pumping; however, the shortest pulse duration achievable in various schemes, including those based on quantum dots [11] and ultrafast optical Stark nonlinearity [12] , is dictated by the carrier dynamics. Recent demonstration and manipulation of two-photon emission processes in semiconductors [13, 14] , followed by the observation of two-photon transparency (TPT) [15] and two-photon gain (TPG) [16] , pave the way for the generation of ultrashort pulses in miniature electrically driven semiconductor devices. Semiconductor TPG is a process in which photons with energy below the energy gap are duplicated in pairs [17] , causing nonlinear light amplification with electrical pumping-in contrast to optically pumped parametric amplification [18] . For a short pulse propagating in a TPG medium, the high-intensity peak of the pulse is amplified stronger than the lowintensity tails-resulting in pulse compression. TPG combines both extremely wideband homogeneous spectrum related to the very fast lifetime of the virtual state [19] and a very strong nonlinearity based on second-order resonant transitions. Therefore, TPG was proposed as a promising candidate for ultrashort pulse generation [20] , predicting pulse compression down to a few optical cycles [21] ; however, it was never observed experimentally before.
Generation of ultrashort optical pulses is becoming increasingly important for various fields of science, including high-harmonic generation [1] , high-speed optical networks [2] , coherent control [3] [4] [5] , and metrology [6, 7] . Considerable progress has been made in mode-locked solid-state lasers reaching femtosecond pulse durations and extremely high peak powers [8] ; however, these systems remain relatively bulky and expensive. Other techniques have been developed using temporal lensing in fibers [9] and have been demonstrated recently in integrated photonic circuits [10] , limited, however, by the relatively weak high-order nonlinearity involved in these schemes. Mode-locked semiconductor lasers allow miniaturization and electrical pumping; however, the shortest pulse duration achievable in various schemes, including those based on quantum dots [11] and ultrafast optical Stark nonlinearity [12] , is dictated by the carrier dynamics.
Recent demonstration and manipulation of two-photon emission processes in semiconductors [13, 14] , followed by the observation of two-photon transparency (TPT) [15] and two-photon gain (TPG) [16] , pave the way for the generation of ultrashort pulses in miniature electrically driven semiconductor devices. Semiconductor TPG is a process in which photons with energy below the energy gap are duplicated in pairs [17] , causing nonlinear light amplification with electrical pumping-in contrast to optically pumped parametric amplification [18] . For a short pulse propagating in a TPG medium, the high-intensity peak of the pulse is amplified stronger than the lowintensity tails-resulting in pulse compression. TPG combines both extremely wideband homogeneous spectrum related to the very fast lifetime of the virtual state [19] and a very strong nonlinearity based on second-order resonant transitions. Therefore, TPG was proposed as a promising candidate for ultrashort pulse generation [20] , predicting pulse compression down to a few optical cycles [21] ; however, it was never observed experimentally before.
Here we present an experimental demonstration of ultrafast pulse compression by a TPG medium. TPGinduced pulse compression of nearly 40% compared to the original output pulse was measured in 1-mm-long AlGaAs waveguides, controlled continuously by electrical pumping. The pulse width measurements were based on a collinear intensity-autocorrelation setup based on two-photon absorption (TPA) in a GaAs photomultiplier tube (PMT), in order to achieve high sensitivity and large dynamic range [22] , a technique recently employed for the demonstration of photon bunching at ultrashort time scales [23] .
The spatial dependence of the light intensity, I, propagating in the z direction within a waveguide is given by
where α is the linear loss coefficient, Γ is the optical mode confinement factor to the active region, and γ 0 2 is the semiconductor two-photon coefficient [16] , being negative for TPA and positive for TPG. Because of the nonlinear nature of the two-photon processes [Eq. (1)], in the TPA regime the tails of a pulse, having a lower intensity, exhibit less TPA compared to the peak of the pulse, generating a broadening mechanism, whereas in the TPG regime, the tails exhibit less amplification in respect to the peak of the pulse, yielding a compression mechanism. Because the amplification term is nonlinear, pulse compression may be achieved even without net gain-in the presence of strong linear losses. Pulse compression measurements were performed using a 37 MHz mode-locked fiber laser, generating femtosecond-scale pulses at a 1:56 μm central wavelength with 40 mW mean power, facet coupled to the waveguide by a lensed fiber (Fig. 1) . To prevent thermal effects on the input coupling and on the nonradiative recombination rates, in addition to a temperature controller, 100 ns current pulses were injected into the device. One-photon lasing threshold was increased by applying antireflection coating to the facets. The optical pulses collected at the output of the waveguide were filtered by a 300-μm-thick silicon layer, absorbing the undesired one-photon electroluminescence from the waveguide. Subsequently, the optical pulses were inserted into a computer-controlled Michelson interferometer incorporating a translation stage with a 50 nm resolution and TPA in a GaAs PMT detector (Hamamatsu H7421-50). Because the TPA probability in the detector is inversely proportional to the spot area, the signal is focused onto the PMT detector by an objective. To select optical pulses propagating in the waveguide during only the injection current pulse, the PMT electrical output pulses are multiplied by a reference pulse from the current source using an AND gate (Fig. 1) .
The normalized interferometric signal resulting from the TPA in the PMT photocathode is given by [24] 
where τ is the time delay between the arms of the interferometer, G 2 is the intensity interferometric signal, and F 1 and F 2 are the phase interference terms (Fig. 1 inset) . By filtering out the interferogram by averaging and assuming a sech pulse shape, the width is determined. The estimated error of the measurements was ∼3%, verified by sequential measurements under the same conditions. Moreover, throughout the measurements, the expected ratio of the interference peak to the background level is kept, and the interferograms have symmetrical shapes-assuring the validity of the results. TPG was measured directly by the method described in [16] , where the highly nonlinear behavior of the amplification was examined. TPA, TPT, and TPG were characterized, resulting in good agreement with theory for the γ 2 maximal value of 1:25 cm=GW at a charge-carrier concentration of ∼2 × 10 18 cm −3 , where α increases from ∼4 cm −1 at zero injection to ∼16 cm −1 at maximal injection (Fig. 2) due to the increase in free-carrier absorption. Autocorrelation measurement of the input pulses (before entering the waveguide) resulted in a pulse width of ∼170 fs. Following propagation in a 1-mm-long waveguide, the pulse broadens to ∼240 fs owing to TPA [ Fig. 3(a) ]. The pulse width decreased to 190 fs at a current density of 1200 A=cm 2 μm [ Fig. 3(b) ], which is around the TPT point, and decreased further to 147 fs at 2800 A=cm 2 μm, which amounts to nearly 40% of the compression relative to the pulse width with no injected current. Although the readings of the detector are intensity dependent, this has no effect on the normalized interferograms (normalization by the counts at the interferogram peak). The effect of the focusing on the interferogram during a single interferogram measurement was ruled out by the symmetric shape of the interferogram and by the theoretically expected ratio of the interference peak to the background level.
Modeling of the temporal distribution of the envelope of short and intense pulses propagating in a waveguide can be done by the nonlinear Schrödinger equation, suitable for the pulse widths in our experiments. The equation includes high-order dispersion terms and the first time derivative of the nonlinear polarization [25] 
where A≜ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi Iðz; TÞ p is the field slowly time varying envelope, γ 2 ≜Γγ 0 2 , A eff is the guided-mode effective area, β 2 is the group velocity dispersion, β 3 is the third-order dispersion coefficient, n 2 is the nonlinear index coefficient, λ 0 is the vacuum central wavelength, and ω 0 is the central angular frequency. Pulse compression by propagation in the TPG waveguide was calculated using a split-step Fourier transform (SSFT) simulation [26] of Eq. (3), based on the evaluated linear loss, TPG and dispersion coefficients, and other material parameters used in [25] . The SSFT simulation fits the measurement at zero current for γ 2 ¼ −0:6 cm=GW, the measurement at 1200 A=cm 2 μm for γ 2 ¼ 0, and the measurement at 2800 A=cm 2 μm for γ 2 ¼ 0:6 cm=GW (Fig. 3) , in good agreement to the evaluated values in the direct TPG measurement. Because a collinear setup was used, the measurements may demonstrate the amount of pulse chirping [24] . In our case, the pulses contain no significant chirping, which is also in good agreement with the simulation results.
In conclusion, we have demonstrated experimentally femtosecond-scale pulse compression by an electrically driven TPG waveguide AlGaAs amplifier. Compression of nearly 40% was achieved in compact room-temperature semiconductor devices in good agreement with theory, allowing many potential applications in ultrafast integrated photonics. 
